The aim of this study is to examine a magnetohydrodynamic (MHD) power generation system for the space applications using a nuclear fission reactor as the heat source. This MHD system uses He/Xe mixed gas as coolant instead of alkali-metal-seeded inert gas. The interrelation between the specific heat of the coolant and the mass flow rate was examined. When the specific heat decreases due to increase of the Xe fraction, the mass flow rate must increase to keep the output power and plant efficiency constant. A regenerator efficiency of 100% and reactor output temperature of 1800 K or higher should be chosen for the highest plant efficiency of 56% and lowest specific mass of 1.4 kg/kW. This highest plant efficiency and lowest specific mass were also expected by optimizing parameters for enthalpy extraction and radiator temperature. This means achieving high plant efficiency or low specific mass gives different values for enthalpy extraction and radiator temperature. With a higher net electrical output power, lower specific mass is obtained. This explains why the present space MHD power generation system is better than other conventional space power generation systems for the high MW-range output power.
Introduction
Nuclear reactor systems have a number of attributes that contribute to their suitability and versatility compared to other power systems for accomplishing space missions. A nuclear fission reactor (NFR) system is more compact than a solar power generation system, and requires no energy storage system. With nuclear reactors, there is plenty of energy to run a refrigeration system to keep the hydrogen cold. This greatly reduces the total mass of the vehicle. Nuclear reactors even provide enough power to create artificial gravity, a feature that should protect the crew from the physiological harm of living in low-gravity conditions for extended periods.
Size is an important consideration in choosing a power system due to the tight packaging constraints of launch vehicles. Solar arrays are less practical because of their large size. However, nuclear reactor systems have high power density and retain their relatively compact size despite the higher power demand. Weight is another important consideration because the extremely high costs associated with launching satellites into orbit make weight a critical factor. The mass (weight) of the reactor has to be as light as possible for efficient space travel. The nuclear reactor power system is lighter and much more compact than solar power systems.
For these reasons, many projects are considering using a nuclear reactor system, such as the Prometheus project (a NASA program announced in January 2003 to develop nuclear propulsion and nuclear power generating systems). The first practical application of the Prometheus Project is the Jupiter Icy Moons Orbiter (JIMO). In the first step of the JIMO project, with an electrical output of 100-110 KWe electric propulsion systems are developed. Using nuclear electric propulsion (NEP), a spacecraft can travel much faster than a chemical rocket (Fig. 1) . To supply enough power to the NEP system, a multi-megawatt power generation system is needed. The MHD power generation system, which is a direct energy conversion system with several advantages, including the ability to achieve high thermal efficiency, high power density, low specific mass, and the ability to reject heat at elevated temperatures. 1) For these reasons, a power generation system using an MHD generator driven by a gas-cooled NFR is considered here for space applications.
Use of mixed inert He and Xe as the working medium for a closed cycle MHD (CCMHD) generator without using alkali metal has been studied. 2, 3) Comparison of plant efficiency has been reported and the CCMHD single cycle has shown that the highest plant efficiency of up to 60% can be achieved with an Inertial Confinement Fusion (ICF) reactor, 4) therefore the MHD single power generation system should be chosen for the present purpose. Normally, a gas is seeded with an alkali metal to conduct electricity efficiently. However, in this space power generation system, instead of seeding alkali metal, a pre-ionizer is used to preionize the Xe in the gas mixture to reduce system complexity, mixing and recovery of seed injection.
For space applications, both system efficiency and system specific mass are essential factors. For this reason, some basic studies on system specific mass are also considered here.
Calculation Models

Mixture gas
The performance of the MHD generator using a mixture gas has been studied on. [5] [6] [7] [8] Therefore, here the thermodynamic properties of a mixture of He and Xe are considered as follows. 9, 10) The total mass of the mixture gas m, is the sum of the masses of each gas as
where, m He is the mass of He and m Xe is the mass of Xe. The total mole number of the mixture gas n, is
where, n He is the mole number of He and n Xe is the mole number of Xe. The mole fractions of He and Xe are x He and x Xe defined as where, c pHe and c pXe are the specific heats of He and Xe, respectively.
Pre-ionizer
To conduct electricity efficiently, a gas should be partially ionized. To obtain sufficient thermal ionization, a small amount of Xe, which has a low ionization potential, is ionized. In this system model, a pre-ionizer is used to ionize Xe in the gas mixture.
The mole flux of Xe m f Xe is
where, _ m m is the mass flow rate of the gas mixture and s d is the ratio of Xe to be ionized. This s d ratio is sufficiently small (about 0.01%), that it can be ignored in other calculations.
The net power needed to ionize Xe, Q net , can be calculated by
where, N A is Avogadro's number. The unit of ionization potential should be converted to joules by the relationship 1 eV ¼ 1:602 Â 10 À19 J. The electrical power needed to input the pre-ionizer Q pre-ion is
where, pre is the efficiency of the pre-ionizer.
System
The energy balance of the power generation system as well as the input/output thermal power was designed and the quantities are defined as follows. 11) Total plant efficiency p is
where Q ne is the net plant output electric power and Q f is the nuclear output power. The net plant output power Q ne can be calculated by
where, Q eMHD is the electrical power output from the MHD generator, Q eC is the electrical power input to the compressor, and Q eC þ Q pre-ion can be understood as the total electrical input power (Q ein ). The energy balance of the reactor can be described as
where, Q rout and Q rin are the reactor thermal power output and input, respectively. To calculate the mass flow rate of coolant, rewrite Eq. (17) in the form
where, T rout and T rin are reactor output temperature and reactor input temperature, respectively.
Specific Mass
Thermal efficiency is not the main consideration for space applications. Rather, the entire system must be examined in terms of overall mass. The specific mass of the nuclear MHD power system sys , is the mass in kg divided by unit electrical output power in kW defined as
where, m sys , m re , m gen , m comp , m reg and m rad are total mass of the system, mass of reactor, mass of generator, mass of compressor, mass of regenerator and mass of radiator, respectively. These masses are described here for demonstration purpose only. Therefore, they are calculated as follows using some typical and assumed parameters given in Table 1 .
1)
Nuclear fission reactor
Within reasonable bounds, the reactor mass can be assumed to be independent of the reactor power level, and the authors conservatively estimate a reactor mass of 3000 kg, including margins for shielding. Thus, the specific mass of the reactor re , is calculated as:
MHD generator
The weight of the MHD generator as a whole is dominated by the weight of the magnet, which is determined mainly by the weight of the confinement structure and the weight of the coils. Under these assumptions, the generator specific mass gen , is defined by:
where, struc is the specific mass of the magnet structure, and coil is the specific mass of the coil windings.
Magnet structure
The challenge of large-volume, high-field magnet design is readily summarized. The requirements are basically expressed in terms of stored magnetic field energy Q m as:
where B is the magnetic field strength, " 0 is the magnetic permeability and V is the enclosed volume. The Viral theorem may then be used as an estimate of the minimal mass due to structural requirements:
where, & is the material density, and s t is the material working stress. Some typical values for Q m =m ¼ s t =& are summarized in Table 2 . In this study, the assumed material is titanium, so
Here, it is convenient to introduce the generator power density, P gen ¼ Q eMHD =V, into Eq. (23) to arrive at a working specific mass estimate for the structure:
Coil winding (disk generator)
Consider the coil requirements for an MHD disk generator of radius (r) and mean channel height (h). Based on conservative design experience, we assume a minimum channel aspect ratio of r=h ¼ 10 by analogy to the length-to-diameter ratio assumed for the linear configuration. Again, this value is recommended to minimize non-ideal losses associated with a large surface-to-volume effect. Consequently, D=h ¼ 20, and the working volume of the generator can be expressed as:
This yields a nominal disk diameter of
The coil winding of diameter D can then be used to produce a uniform magnetic field B H within the disk volume: 
where, B 0 ¼ " 0 i=2r is the magnetic field produced in a loop of diameter D ¼ 2r (also called the centerline magnetic field of single loop), i is the total current, j c is the current density, and A c is the total cross sectional area of the winding. This expression can be combined with Eq. (26) to arrive at an expression for A c in terms of the material properties, the generator power density, and the required magnetic flux density:
The mass of the magnet coils (m c ) may now be deduced from the relation:
and the specific mass of the coil windings takes the form:
where, & c is the magnet material density, and V c is the volume of the magnetic coil winding.
Compressor
The weight characteristics of the turbo compressor and drive can be estimated accurately from a broad body of technical experience. Generally, it is assumed that the specific mass of the compressor is given by:
Regenerator
The regenerator is assumed to be a typical compact shell and tube heat exchanger for which the specific mass attributes can be estimated accurately. A moderate value for the mass per unit area of this type of heat exchanger is:
where, A reg is the regenerator area. Assuming a constant value for the overall heat transfer coefficient, U reg , it is possible to express the regenerator thermal power (Q reg ) in the form:
Where, ÁT is the temperature difference for the heat exchanger defined as
and
Note that the temperatures used to calculate ÁT are obtained from the thermodynamic cycle analysis based on an assumed value for regenerator effectiveness. By combining Eqs. (32) and (33), the specific mass of the regenerator takes the form:
Radiator
The important design parameter for space radiators is the mass per unit area defined as
where, A rad is the radiator area. The upper range for rad represents projected estimates for conventional radiator design whereas the power range for rad corresponds to projections for liquid-droplet radiator concepts.
The radiative power is given by:
where, T cin is the compressor input temperature, " is the emissivity, and ' is the Stefan-Boltzmann constant. If Eqs. (38) and (39) are combined to eliminate A rad , the specific mass of the radiator takes the form:
Calculation Conditions
The model of the power generation system using an NFR was calculated for the conditions shown in Table 3 . The coolant is a mixture of He and Xe gases. 
NFR/CCMHD Power Generation System
In previous analysis of a CCMHD powered by ICF reactor, the CCMHD single cycle provided the highest efficiency among a gas turbine, steam turbine, CCMHD and possible combined cycles. 4) Therefore, this study used the CCMHD single cycle driven by an NFR.
12)
The coolant of He and Xe connects the CCMHD system directly to the NFR. The ionization potential of the He/Xe mixture is much higher than that of alkali metal, so the ionization level (electrical conductivity) is unsufficient temperatures at the reactor exit up to 1800 K. Consequently, the He/Xe gas coolant must be pre-ionized electrically by a pre-ionizer.
A disk-shaped Hall-type MHD generator is used for simple geometry, fewer electrode connections and simple structure of superconducting magnets. A regenerator is used to regenerate heat exhausted from the generator in order to reduce the waste heat radiated from the radiator and improve plant efficiency. Figure 2 shows the schematic for the NFR/ CCMHD single power generation system for space applications.
System Analysis
Mass flow rate
The aim here is to consider a power generation system using a He/Xe gas mixture as coolant instead of gas seeded with an alkali metal. However, with the increasing of Xe in the gas mixture, the specific heat decreases and the mass flow rate of coolant increases. The specific heat of the gas mixture and the mass flow rate are shown in Fig. 3 . With the increasing of Xe fraction, the specific heat decreases in accordance with Eq. (10). However, the mass flow rate of coolant is interrelated with Eq. (18), so when the specific heat decreases with the increasing of Xe fraction, the mass flow rate must increase to keep the output power and plant efficiency unchanged.
Enthalpy extraction
Enthalpy extraction (EE) is examined from 10% to 40%. When EE ¼ 28% the plant efficiency reaches the highest value of 56% (Fig. 4) , because when EE is 10%$28%, the electrical output power from the system (Q eout ) increases more than the increase in total electrical input power (Q ein , including power input to pre-ionizer and compressor). This increases the plant efficiency. When EE is 28%$40%, the total electrical input power increases more than the increase in the electrical output power from the system, so plant efficiency decreases (Fig. 5) . In Fig. 4 , the specific mass of the system ( sys = mass of system/Q ne ) becomes the minimum of 1.4 kg/kW when the enthalpy extraction is 21%. This means the plant efficiency and specific mass are maximum and minimum with various values of EE. If the objective is smallest specific mass (EE ¼ 21%), the plant efficiency slightly decreases but this decrease (about 1%) can be accepted to reduce the specific mass of the system and the cost of launching the system into space. Figure 6 shows the plant efficiency and the specific mass as a function of regenerator efficiency. Here, it is useful to note that the regenerator efficiency of 0 means there is no regenerator in the system. At that time, after expanding through MHD generator, the coolant is transferred directly to the gas cooler, and after being compressed at the compressor will return directly to the inlet of the reactor without heat regenerating. With the increase of regenerator efficiency, the plant efficiency increases and the specific mass decreases, because the thermal cycle in this study is a closed cycle. Therefore, energy that is not changed to electricity, should be withdrawn in the reactor inlet at high temperature. When the regenerator efficiency increases, the reactor input temperature increases leading to a decrease in total waste power (Fig. 7) . For this reason, the plant efficiency increases with the increase of regenerator efficiency as seen in Fig. 6 . This means that a regenerator efficiency of 100% should be chosen for the maximum plant efficiency and minimum specific mass.
Regenerator efficiency
Radiator temperature
The plant efficiency and specific mass versus radiator temperature are shown in Fig. 8 . With the increase of radiator temperature, the plant efficiency decreases, because when the radiator temperature increases, more power is needed to supply the compressor (Q ein ) to compress the high-temperature working gas, and more energy must be released at the gas cooler (Q waste ) for efficient compression (Fig. 9) .
When the radiator temperature is 300$475 K, the system mass decreases much more than when the temperature is 475$800 K (Fig. 9) . However, the net electrical output power (Q ne ) also decreases as radiator temperature increases. Therefore in this study, with the assumed parameters, the specific mass is minimum when the radiator temperature is 475 K. The highest efficiency of 56% is obtained when radiator temperature is 300 K but the smallest specific mass of 1.4 kg/kW is achieved when the radiator temperature is 475 K. This means when the smallest specific mass is chosen, plant efficiency decreases by about 17.6%. If this decrease can be accepted, a radiator temperature of 475 K should be chosen to reduce the system specific mass and cost.
Reactor output temperature
In the present study, the reactor output temperature is considered from 900 K to 1800 K and the influence of reactor output temperature on the plant efficiency and the specific mass are shown in Fig. 10 . As seen, with the increasing of reactor output temperature the plant efficiency increases and the specific mass decreases. This agrees well with general thermodynamic and it can be understood that higher plant efficiency and lower specific mass can be obtained with higher output temperature. However, at high temperatures it is necessary to consider the endurance of materials, but temperatures lower than 1000 K should not be used because of the disadvantage of excessively high specific mass. 6.6. Net electrical output power For a space MHD power generation system, what range of output power should be considered for effectiveness? So far, the output power of conventional space power generation systems is less than the MW range. For this reason, net electrical output power in the MW range is examined here. In all above calculations, a nuclear output power of Q f ¼ 10 MW is assumed as a constant to calculate other values. However, in this section, the net electrical output power (not nuclear output power) is assumed to be 1-10 MW to calculate specific mass. An enthalpy extraction of 21%, regenerator efficiency of 100%, radiator temperature of 475 K and reactor output temperature of 1800 K are chosen because this is the condition for obtaining the lowest specific mass in the above sections.
With the increase of net electrical output power, the specific mass decreases as shown in Fig. 11 , meaning the space MHD system in this study can reach a lower specific mass with a higher range of electrical output power.
Specific mass of some systems
To support future outer-planet missions, the ion thruster is a promising solar electric propulsion (SEP) technology. A SEP system uses electrical energy from a solar array to accelerate a propellant to much higher exhaust jet velocities than can be achieved from chemical reactions. The standard for ion thrusters is the NASA SEP Technology Application Readiness (NSTAR) thruster. The NSTAR power processing unit (PPU) has a specific mass of 6 kg/kW. Currently, ion propulsion system technologies are advanced through development of NASA's Evolutionary Xenon Thruster (NEXT) as the focus of next generation electric propulsion. The PPU specific mass is 3.5 kg/kW. Table 4 summarizes the specific masses of NSTAR, NEXT, 100-kWe and 1-MWe NEP system, 14) and some radioisotope electric generators. 15) From Table 4 , generally the proposed space MHD power generation system has the advantage of lower specific mass than other systems.
13)
Conclusions
We analysed a multi-megawatt space nuclear power generation system in which a gas-cooled NFR is used to drive an MHD generator in a closed Brayton cycle. The plant efficiency, specific mass and the results are summarized as below.
The highest plant efficiency of 56% and lowest specific mass of 1.4 kg/kW were derived from different values of en- Radioisotope thermophotovoltaic (RTPV) 60
Free piston Stirling engine dynamic isotope power system (FPSE-DIPS) 118
Alkali metal thermal to electric converters (AMTEC) 60 thalpy extraction and radiator temperature. The values giving the highest plant efficiency are not the same as values giving lowest specific mass. Thus, the values of enthalpy extraction and radiator temperature are determined by the choice of highest efficiency or lowest specific mass. A regenerator efficiency of 100% and reactor output temperature of 1800 K or higher can be chosen for highest plant efficiency and lowest specific mass. However, an excessively high reactor output temperature should be examined in detail for material endurance.
The space MHD power generation system examined here is a better choice than conventional space power generation systems for high levels of output power.
We conclude that an NFR coupled with MHD generator can serve as a suitable low specific mass plant for a highpower electric system. This system has the required energy density requirements while remaining within the realm of current engineering feasibility. Due to its many advantages, it seems likely that nuclear energy will provide power on space missions into the next century.
